Phytases (myo-inositol hexakisphosphate phosphohydrolases; EC 3.1.3.8) catalyze the hydrolysis of phytic acid (myoinositol hexakisphosphate) to the mono-, di-, tri-, tetra-, and pentaphosphates of myo-inositol and inorganic phosphate. A broad range of microorganisms, including bacteria (20) , yeasts (2) , and filamentous fungi (10, 19, 27) , produce phytases.
Phytic acid is the primary storage form of phosphate in cereal grains, legumes, and oilseeds, such as soy, which are the principal components of animal feeds. However, monogastric animals are unable to metabolize phytic acid and largely excrete it in their manure. Therefore, the presence of phytic acid in animal feeds for chickens and pigs is undesirable, because the phosphate moieties of phytic acid chelate essential minerals and possibly proteins, rendering the nutrients unavailable. Since phosphorus is an essential element for the growth of all organisms, livestock feed must be supplemented with inorganic phosphate. There are a number of published reports (12, 16, 18, 26) describing the use of phytases in the feeds of monogastric animals and in human food.
When phytic acid is not metabolized by monogastric animals the phosphate level in the manure can also create disposal problems. The amount of manure produced worldwide has increased significantly as a result of increased livestock production. Environmental pollution with high-phosphate manure has caused problems in various locations around the world due to the accumulation of phosphate, particularly in bodies of water. Consequently, animal feed distributors in Europe have begun to formulate feed products with supplemental phytase in order to improve feedlot productivity and decrease phosphate waste. Thus, phytases are also useful for reducing the amount of phytate in manure (13, 18) . The current commercial feed supplement is a recombinant Aspergillus niger (previously Aspergillus ficuum) phytase produced in Aspergillus niger (27) or Aspergillus oryzae (i.e., Phytase Novo [13] ).
There is a definite commercial need for second-generation phytases with improved properties (e.g., higher thermostability and catalytic efficiency) that can be produced in commercially significant quantities. Our objectives were to identify, clone, and characterize a phytase from a thermophilic fungus in anticipation that this enzyme would offer superior biochemical properties.
MATERIALS AND METHODS
DNA extraction and hybridization analysis. Total cellular DNA was extracted from Thermomyces lanuginosus CBS 586.94 by the procedure described by Timberlake and Bernard (21) . Genomic DNA samples were analyzed by Southern hybridization (6) under conditions of low stringency (i.e., 5ϫ SSPE [1ϫ SSPE is 0.18 M NaCl, 10 mM NaH 2 PO 4 , and 1 mM EDTA {pH 7.7}], 25% formamide, 0.3% sodium dodecyl sulfate [SDS]). A phytase-specific probe fragment comprising the Aspergillus niger phyA coding region (approximately 1.6 kb) was radiolabeled by nick translation (11) with [␣- 32 P]dCTP (Amersham, Arlington Heights, Ill.) and added to the hybridization buffer at an activity of approximately 10 6 cpm per ml. The hybridization and washing conditions have been described previously (4) .
DNA libraries and identification of phytase clones. Genomic DNA libraries were constructed with the bacteriophage cloning vector ZipLox (Life Technologies, Gaithersburg, Md.) with Escherichia coli Y1090ZL cells (Life Technologies) as a host for plating and purification of recombinant bacteriophages and E. coli DH10Bzip (Life Technologies) for excision of individual pZL1-phytase clones. Total cellular DNA was partially digested with Tsp509I and size fractionated on 1% agarose gels. DNA fragments migrating in the range of 3 to 7 kb were excised and eluted from the gel with Prep-a-Gene reagents (Bio-Rad Laboratories, Hercules, Calif.). The eluted DNA fragments were ligated with EcoRIcleaved and dephosphorylated ZipLox vector arms (Life Technologies), and the ligation mixtures were packaged with commercial packaging extracts (Stratagene, La Jolla, Calif.). The packaged DNA libraries were plated and amplified in E. coli Y1090ZL cells (Life Technologies). Approximately 30,000 plaques from the library were screened by plaque hybridization with the radiolabeled phytase probe. One positive clone which hybridizes strongly to the probe was picked and purified twice in E. coli Y1090ZL cells. The phytase clone was subsequently excised from the ZipLox vector as a pZL1-phytase clone (5) and designated pMWR46.
Molecular analysis of the T. lanuginosus phytase gene. Restriction mapping of pMWR46 was performed by standard methods (11) . DNA sequencing of the phytase clones was performed with model 373A automated DNA sequencer (Applied Biosystems, Inc., Foster City, Calif.) by the primer-walking technique with dye-terminator chemistry (7) . In addition to the lac forward and lac reverse primers, specific oligonucleotide sequencing primers were synthesized on an Applied Biosystems model 394 DNA-RNA synthesizer according to the manufacturer's instructions.
Construction of the phytase expression vector pMWR48. The coding region of the T. lanuginosus phyA gene was amplified by PCR with the forward primer 5Ј-ATTTAAATGGCGGGGATAGGTTTGG-3Ј and the reverse primer 5Ј-CT TAATTAATCAAAAGCAGCGATCCC-3Ј. The sense primer incorporated the first in-frame ATG and extends 16 bp downstream. The antisense primer incorporated a region 14 bp upstream of the translational stop codon and extends through the stop codon. To facilitate the cloning of the amplified fragment, the sense and antisense primers contain a SwaI and a PacI restriction site, respectively. The amplified product was digested with SwaI and PacI and ligated with pDM181 (also digested with SwaI and PacI), a plasmid which provides the Fusarium oxysporum trypsin gene promoter and terminator and the bar resistance cassette (3). The resulting expression vector was designated pMWR48.
Transformation of Fusarium venenatum and analysis of transformants. Transformation protocols and methods for purification of F. venenatum (28) transformants are described by Royer et al. (15) . Mycelia from primary transformants were used to inoculate shake flasks containing 25 ml of M400 Da medium (50 g of maltodextrin, 2 g of MgSO 4 ⅐ 7H 2 O, 2 g of KH 2 PO 4 , 4 g of citric acid, 8 g of yeast extract, 2 g of urea, and 0.5 ml of trace metal solution per liter [15] ) and incubated with shaking at 30°C. One milliliter of culture supernatant was harvested at 4, 5, and 7 days and stored at 4°C. Phytase activity was assayed as described below. Spores from the primary transformants producing the highest phytase activity were generated by inoculating 20 ml of R medium (12.1 g of NaNO 3 /liter, 50 g of succinic acid/liter, 20 ml of 50ϫ Vogel's salts, 25 mM NaNO 3 [pH 6 .0] [15] ) with mycelia and incubating it at 30°C with shaking for 2 to 3 days. Single spores were isolated by spreading 150 ml of spore culture onto manipulator plates (1X Vogel's salts, 25 ml of NaNO 3 , 2.5% sucrose, 2% Noble agar) containing 5 mg of Basta [phosphinothricin or 2-amino-4-(hydroxymethylphosphinyl)butanoic acid; Hoechst-Schering, Rodovre, Denmark] per ml and using a micromanipulator to transfer single spores to a clear region of the plate. After 3 days of growth at room temperature, the germinated spores were transferred to individual Vogel plates containing 5 mg of Basta/ml. Shake flasks containing 25 ml of M400Da medium plus 5 mg of Basta/ml were inoculated in duplicate with mycelial plugs from each single-spore isolate and incubated at 30°C. The best single-spore isolate was selected based on assay of the secreted enzymatic activity, where the transformants produced Ͼ150-fold more phytase activity than an untransformed control.
Protein purification. The best F. venenatum transformant was run in two 2-liter fermentors with a standard protocol (3). The frozen cell-free broth (1,700 ml) was thawed, clarified by centrifugation, and concentrated on a hollow-fiber Amicon filtration unit with an S1Y10 filter to a volume of 350 ml. The sample was adjusted to pH 7, diluted to a conductivity of 2 mS, and chromatographed at room temperature on a 75-ml-bed-volume Q-Sepharose Big Beads column (Pharmacia), which had been equilibrated in 20 mM Tris-Cl, pH 7. The column was developed at 5 ml/min with the equilibration buffer until the effluent A 280 had decreased to near baseline. The column was then developed at 5 ml/min with a 600-ml gradient of 0 to 0.6 M NaCl in the same buffer. The bound enzyme activity was found to elute in fractions corresponding to ca. 0.2 M NaCl.
The collected activity peak was concentrated by ultrafiltration with a PM-10 membrane to a volume of 25 ml, diluted to a conductivity of 0.9 mS, and chromatographed at 4 ml/min on a MonoQ HR 10/16 column which had been equilibrated in 20 mM MOPS (morpholinepropanesulfonic acid), pH 7. The column was developed with 80 ml of starting buffer and then with a 400-ml gradient of 0 to 0.5 M NaCl in the same buffer. Enzyme activity was detected in fractions by using the p-nitrophenyl phosphate measurement described below. The active fractions were also analyzed with a Novex 10 to 27% gradient SDSpolyacrylamide gel, and the fractions were combined if judged by electrophoresis to be substantially purified.
The peak fractions were combined, concentrated with an Amicon PM-10 membrane by ultrafiltration, and exchanged into 20 mM MES (morpholine ethanesulfonic acid), pH 5.5. The sample conductivity was 1.1 mS. One-third of this sample was chromatographed at 1 ml/min on a Mono S HR 5/5 column (Pharmacia) which had been equilibrated in the same buffer. The column was developed with 5 ml of starting buffer and then with a 25-ml linear gradient of 0 to 0.6 M sodium chloride in the same buffer. The active fractions were combined after electrophoretic analysis to eliminate those which contained trace contaminants.
Physicochemical characterization. Isoelectric focusing (IEF) was performed with a Novex pH 3 to 7 IEF gel according to the instructions of the manufacturer. IEF standards from both Pharmacia and Bio-Rad were used to calibrate the gel.
The protein extinction coefficient was determined experimentally by quantitative amino acid analysis with a Hewlett-Packard AminoQuant system. The analysis assumed 49,700 for the protein molecular weight, based on the translated gene sequence for the mature protein.
Amino-terminal sequence analysis was performed on an Applied Biosystems 476A sequencer.
Enzyme assays. Phytase activity was measured by two different methods. During purification, fractions were rapidly evaluated by measuring the rate of pnitrophenyl phosphate hydrolysis at 405 nm with 10 mM substrate in 0.2 M sodium citrate, pH 5.5, at 30°C with a plate reader (Thermomax; Molecular Devices).
Enzyme kinetics studies performed on purified enzyme samples were accomplished by the assay of inorganic phosphate liberated from corn phytic acid (Sigma catalog no. P 8810). Exhaustive phytate hydrolysis was accomplished by incubating 0.5 or 0.1% phytic acid with enzyme (1 U/ml) in 0.2 M sodium citrate, pH 5.5, at 37°C. Aliquots were removed over a period of 10 h and analyzed (see below) for kinetics of phosphorus release. Ten hours was found to be sufficient for the completion of product formation. Standard enzyme kinetics reactions were carried out for 30 min at 37°C in 0.5% (wt/wt) phytic acid. The reaction was quenched by the addition of an equal volume of 15% (wt/wt) trichloroacetic acid. After cooling, 100 l of the resulting mixture was diluted in 1 ml of water. The sample was incubated at 50°C for 5 min. Color reagent (1 ml) was added, and the 50°C incubation was continued for 15 min. The absorbance of a 200-l aliquot was measured at 690 nm with a microplate reader. The color reagent was composed of 6 N sulfuric acid-water-2.5% (wt/vol) hepta-ammonium molybdate-10% ascorbate (aqueous) in a ratio of 1:2:1:1 and was prepared fresh daily. Quantitation was based on a standard curve generated with a 10 mM sodium monobasic phosphate standard. One unit is defined as 1 mol of inorganic phosphate released per min with 0.5% phytic acid in 0.2 M sodium citrate, pH 5.5, at 37°C.
Steady-state kinetics measurements were made by substrate titration. Phytate concentrations were 2.16, 1.08, 0.541, 0.216, 0.108, and 0.0758 mM for K m determination. Phytate concentrations of 1.08, 0.541, 0.216, and 0.108 mM in the presence or absence of 1 mM sodium monobasic phosphate were used to evaluate product inhibition.
Thermostability measurement. Phytase samples were dissolved at 100 U per ml in 0.2 M sodium citrate, pH 5.5. One hundred-microliter aliquots of each enzyme solution were incubated for 20 min in a water bath at 37, 45, 50, 55, 60, 65, 70, and 75°C. After the heat treatment, the samples were stored at 0°C until activity assays were performed. Each sample was diluted 1:80 in 0.2 M sodium citrate, pH 5.5, containing 0.01% (wt/wt) Tween 20, and the standard activity assay was performed.
pH-activity measurement. To attain a buffering range between pHs 2 and 7, a three-component 125 mM glycine-acetate-citrate buffer was employed. The buffer components were combined at final concentrations of 42 mM per component, and phytic acid was added as a solid to 1% (wt/wt). This mixture was adjusted to pH 7 with concentrated HCl, and a 10-ml aliquot was taken. This process was repeated for every 0.5 pH units through pH 2.
Enzyme stock solutions of 20 U per ml were prepared in 20 mM MES buffer, pH 5.5. Substrate (1% [wt/wt]; 850 l) in buffer at a given pH was combined with 100 l of water and 50 l of enzyme stock solution and incubated for 30 min at 37°C. Subsequently, the enzyme reaction was quenched with 1 ml of 15% trichloroacetic acid and quantitated by the standard method.
Temperature-activity measurement. Enzyme stock solutions of 12.5 U per ml were prepared in 0.2 M sodium citrate buffer, pH 5.5. Two hundred fifty microliters of 1% phytic acid substrate was added to a 1.7-ml Eppendorf tube followed by 240 l of 0.2 M sodium citrate buffer, pH 5.5. This solution was vortexed and placed in a water bath at the designated temperature. After 20 min of equilibration in the water bath, the mixture was vortexed and 10 l of phytase solution was added. The sample was vortexed and incubated in the water bath for an additional 30 min, and then the reaction was quenched with 1 ml of 15% trichloroacetic acid and quantitated by the standard method.
Nucleotide sequence accession number. The complete phyA gene sequence has been deposited in GENESEQN as accession no. T90070.
RESULTS

Cloning of phytase gene sequences from T. lanuginosus.
Southern blotting experiments indicated that an Aspergillus phytase gene fragment could be used as a probe to identify phytase gene-specific fragments in T. lanuginosus genomic DNA (Fig. 1) . We screened 30,000 plaques from a genomic library of T. lanuginosus DNA constructed in ZipLox for hybridization with the Aspergillus phytase gene probe. Several positive clones were picked and excised by an in vivo-excision protocol (5) .
Analysis of the T. lanuginosus phyA gene. DNA sequencing of one T. lanuginosus phytase clone (pMWR46) showed an open reading frame similar to the A. niger phytase gene. The positions of introns and exons within the phyA gene were assigned based on comparison of the deduced amino acid sequence with the deduced amino acid sequence of the corresponding A. niger phytase gene product. On the basis of this analysis, the T. lanuginosus phytase gene is comprised of two exons (47 and 1,377 bp), which are separated by a small intron (56 bp). The size and composition of the intron is consistent with those of other fungal genes (9) in that all contain consen-sus splice donor and acceptor sequences as well as a near approximation of the consensus lariat sequence (RCTRAC) near the 3Ј end of each intervening sequence.
The deduced amino acid sequence of the T. lanuginosus gene product shows the characteristics of an extracellular fungal enzyme with a cleavable signal sequence. Based on the rules of von Heijne (25), the first 22 amino acids of PhyA likely comprise a secretory signal peptide which directs the nascent polypeptide into the endoplasmic reticulum. Amino-terminal amino acid sequencing suggests that the next 10 amino acids constitute a propeptide which terminates with a dibasic cleavage site (LysLys). The mature PhyA is an acidic protein (predicted isoelectric point, 5.4) composed of 452 amino acids (molecular mass, 51 kDa). The amino acid sequence also contains the active-site motif RHGXRXP, which is shared by other known phytases and acid phosphatases (Fig. 2) (23, 27) . Lastly, the deduced amino acid sequence of the mature PhyA has approximately 47.5% identity with the phytase from A. niger (GenBank accession no. M94550).
Analysis of F. venenatum transformants expressing T. lanuginosus phytase. F. venenatum has recently been developed as an efficient fungal host for the production of heterologous proteins (15) . Culture supernatants from 14 of the 17 primary transformants of pMWR48 were positive when assayed for phytase activity. Two primary transformants with the highest phytase activity were selected for single-spore isolation, and nine single-spore isolates were obtained.
Physicochemical characterization of the recombinant phytase. The purified T. lanuginosus phytase was apparently homogeneous in SDS-polyacrylamide gel electrophoresis, with a single component corresponding to a molecular weight of 60,000. The protein sample contained numerous components in IEF analysis ranging from pH 4.7 to 5.2. In contrast to the T. lanuginosus phytase, recombinant A. niger phytase is composed of a single major component with a pI near 4.9 and two minor bands around pI 4.7.
Amino-terminal sequence analysis of the purified T. lanuginosus enzyme identified three components: the major component (ca. 60%) is H 2 N-His-Pro-Asn-Val-Asp-Ile-Ala-Arg-HisTrp-Gly-Gln. . ., which corresponds to a Kex2 cleavage site at position 34 in the primary translation product. Two minor sequences, H 2 N-Gly-Glu-Asp-Glu-Pro-Phe-Val-Arg-Val-LeuVal-Asn. . .(ca. 30%) and H 2 N-Ser-Glu-Glu-Glu-Glu-Glu-GlyGlu-Asp-Glu-Pro-Phe. . .(ca. 10%), correspond to internal cleavage sites near the COOH terminal of the protein at positions 428 and 435 in the primary translation product. The observation that our protein sequence data exactly match the predicted translation product of the T. lanuginosus gene and the finding that untransformed Fusarium host strains produce 2 orders of magnitude less enzyme activity both argue strongly that we have isolated a heterologous gene product.
The specific activities for the two recombinant phytases (i.e., those of T. lanuginosus and A. niger) were 91 and 180 U/mg, respectively, under standard assay conditions at pH 5.5. At its pH 6 optimum T. lanuginosus phytase had a specific activity of 110 mol of inorganic phosphate released per min per mg of protein at 37°C. Exhaustive enzymatic hydrolysis of phytic acid revealed that A. niger and T. lanuginosus phytases released identical amounts (70%) of the total theoretically available phosphorus. Steady-state kinetic measurements disclosed that the apparent K m of T. lanuginosus phytase is approximately 110 M with respect to phytate while A. niger has an apparent K m of 200 M. There was a faint indication of excess substrate inhibition at the 2.16 mM substrate concentration, perhaps congruent with the report of inhibition above 2 mM for A. niger phytase (22) . Steady-state kinetics measurements with 1 mM phosphate present failed to reveal any type of inhibition with this product. We estimate that the K i for phosphate must exceed 3 mM to be undetectable in our experiments. In contrast Ullah (22) has reported that phosphate is a competitive inhibitor, with a K i of 1.9 mM.
A comparison of enzyme thermostability profiles (Fig. 3 ) suggests that differences between the stabilities of the two enzymes are small. Neither enzyme is fully inactivated by a high-temperature incubation, and the residual activity profiles are consistent with partially reversible thermal denaturation (14), as measured by residual enzyme activity. However, there are no published data on thermal denaturation points for the A. fumigatus phytase or other phytase species.
The pH-activity profile comparison of T. lanuginosus and A. niger phytases indicates substantial similarity between the pH profiles of the two enzymes (Fig. 4) . However, the T. lanuginosus enzyme is active at neutral pH while the A. niger enzyme is not. We could not reproduce the earlier reports (e.g., reference 17) that A. niger phytase possesses two pH optima; employing a composite buffer, we measured a broad shoulder near pH 3. We note that there are very few cases of a single enzyme species possessing two pH optima. The earlier reports may originate from impure material which contains traces of the A. niger acid phosphatase (29) , or they could be artifacts of employing more than one buffer to span the pH range.
Measurement of enzyme activity as a function of temperature revealed a significant difference between the two enzymes (Fig. 5) . T. lanuginosus phytase has maximum enzyme activity near 65°C and has partial activity even at 75°C. In contrast, A. niger phytase is essentially inactive at 65°C. These results are congruent with the DSC data for the two enzymes, which also indicate a 9°C stability improvement for the Thermomyces phytase.
DISCUSSION
Enzyme activity at elevated temperatures may be relevant in applications such as saccharification (a high-temperature industrial process to generate high-fructose corn syrup), where others have reported that the addition of phytase improves carbohydrate yields (1). Figure 5 demonstrates that at 55°C, the optimal temperature for A. niger phytase, the Thermomyces phytase performs at 79% of the A. niger phytase turnover number (despite lower specific activity for Thermomyces phytase at 37°C) and at 60°C the Thermomyces phytase is operating at 67%-greater catalytic efficiency than the A. niger enzyme. The A. niger phytase is inactivated at 65°C, where Thermomyces phytase activity is maximal.
Enzyme thermal stability is also relevant in animal feed applications, where the enzyme is normally incorporated into the grains prior to pelletization and the feed briefly reaches processing temperatures of 85 to 90°C. In this circumstance a commercial phytase product must be able to withstand brief heating prior to encountering an animal's digestive tract at 37°C. Our physicochemical data demonstrate an improvement of approximately 9°C in denaturation temperature for Thermomyces phytase versus the present A. niger product.
Animal-feeding trials with formulated phytase supplementation would involve testing a total of 300 broilers or piglets at two enzyme dosages plus a control without enzyme addition. Typically the apparent total-tract digestibility of dissolved matter, organic matter, nitrogen, calcium, and total phosphorus would be monitored at one or two points during an animal's growth to determine the effect of enzyme dosage on feed intake and conversion. Such animal-feeding trials and the level of analysis required to present and evaluate the data are beyond the scope of this paper.
It is tempting to speculate about the structural origins of thermal stability in phytases. However, there is no obvious pattern to the sequence differences between phytases from thermophiles (represented by Myceliophthora, Talaromyces, and Thermomyces) and mesophiles (represented by A. niger and A. fumigatus). For example, there are no gross differences in protein structure, such as addition or deletion of secondary structure elements. Nor is there a systematic pattern to the sequence differences between the two representative enzymes; i.e., hydrophobic replacements, addition of salt bridges, addition of potential disulfide bonding sites, and deletion of asparagine or aspartate residues are not readily apparent. The most striking difference is the additional consensus N-linked glycosylation site present in the two Aspergillus enzymes (sequence position 231 in reference 27) but missing in the three thermophile examples. We believe that the most likely explanation which can be deduced for the sequence differences is derived from evolutionary rather than functional factors.
Recently the discovery of new industrial enzymes has focused on novel microbial sources representing extreme conditions (extremophiles). In many cases the genes encoding these interesting enzymes can be cloned without prior isolation of the catalyst or culturing of the donor microbe. However, heterologous production of the novel enzyme often results in extremely low yields of secreted product or accumulation of inactive material as inclusion bodies. Either of these outcomes is incompatible with the production economics required for commercialization. We have searched for new industrial catalysts from a constellation of thermophilic fungi that are more closely related than the extremophiles to the industrial fungal production strains which are available. We have successfully isolated enzymes with both improved thermal stability characteristics and the potential for high-level commercial production (4).
T. lanuginosus phytase is an alternative enzyme with performance advantages over the conventional A. niger enzyme in the form of stable enzyme activity at elevated temperatures and superior substrate saturation kinetics at physiological pH. A second-generation commercial enzyme may also benefit from protein engineering when a three-dimensional protein structure is available, as is the case for the A. fumigatus enzyme (8) .
